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Abstract: The rapid desertification of grasslands in Inner Mongolia of China poses a significant 
ecological threaten to northern China. The combined effects of anthropogenic disturbances (e.g,, 
overgrazing) and biophysical processes (e.g., soil erosion) have led to vegetation degradation and the 
consequent acceleration of regional desertification. Thus, mitigating the accelerated wind erosion, a cause 
and effect of grassland desertification, is critical for the sustainable management of grasslands. Here, a 
combination of mobile wind tunnel experiments and wind erosion model was used to explore the effects 
of different levels of vegetation coverage, soil moisture and wind speed on wind erosion at different 
positions of a slope inside an enclosed desert steppe in the Xilamuren grassland of Inner Mongolia. The 
results indicated a significant spatial difference in wind erosion intensities depending on the vegetation 
coverage, with a strong decreasing trend from the top to the base of the slope. Increasing vegetation 
coverage resulted in a rapid decrease in wind erosion as explained by a power function correlation. 
Vegetation coverage was found to be a dominant control on wind erosion by increasing the surface 
roughness and by lowering the threshold wind velocity for erosion. The critical vegetation coverage 
required for effectively controlling wind erosion was found to be higher than 60%. Further, the wind 
erosion rates were negatively correlated with surface soil moisture and the mass flux in aeolian sand 
transport increased with increasing wind speed. We developed a mathematical model of wind erosion 
based on the results of an orthogonal array design. The results from the model simulation indicated that 
the standardized regression coefficients of the main effects of the three factors (vegetation coverage, soil 
moisture and wind speed) on the mass flux in aeolian sand transport were in the following order: wind 
speed>vegetation coverage>soil moisture. These three factors had different levels of interactive effects on 
the mass flux in aeolian sand transport. Our results will improve the understanding of the interactive 
effects of wind speed, vegetation coverage and soil moisture in controlling wind erosion in desert steppes, 
and will be helpful for the design of desertification control programs in future. 
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1 Introduction 


Wind erosion, the wind-forced movement of surface soil particles (Řeháček et al., 2017), is a 
continuous and dynamic natural geomorphic process. Anthropogenic and natural disturbances can 
greatly accelerate wind erosion, resulting in the loss of soil nutrients and the decline of land 
productivity, thus threatening human survival (Adhikari and Hartemink, 2016). Global accelerated 
soil erosion by wind is a serious environmental issue affecting approximately 9x108 people from 
100 countries and territories (Webb et al., 2006). The land area vulnerable to wind erosion 
accounts for nearly a quarter of the total global land area (Fernandez-Bernal and de la Rosa, 
2009). Further, accelerated wind erosion is regarded as a cause and effect of desertification in arid 
and semi-arid regions (Ma et al., 2017) and land degradation in some sub-humid regions (Wang, 
2010). Research on wind erosion has been done by scholars at home and abroad. Factors that 
influence wind erosion can be summed up as vegetation status/coverage (Mendez and Buschiazzo, 
2015), soil conditions (Bu et al., 2015; Bergametti et al., 2016) and wind speed (Kang et al., 2012; 
He et al., 2013). 

In China, the total area susceptible to wind erosion exceeds half of the total land area (Wang, 
2010; Zhang et al., 2017), primarily affecting the arid and semi-arid areas (Wang, 2010). The 
grassland ecosystem is the largest terrestrial ecosystem in China (41% of the total land area), 
especially in Inner Mongolia Autonomous Region. Its normal function plays a pivotal role in 
maintaining regional and global ecosystem dynamics. However, more than 90% of the grassland 
in China is currently undergoing various levels of degradation (Yan et al., 2010), causing a 
significant decline in land productivity. The livestock carrying capacity of natural grassland in 
desertified areas of Inner Mongolia in the 2010s is only 75% of that in the 1950s. In severe cases, 
rapid desertification resulted from accelerated wind erosion could result in a complete loss of 
productivity for some grasslands, thereby seriously affecting ecosystem health (Zobeck and van 
Pelt, 2006; Lozano et al., 2013; Borrelli et al., 2016, 2017). Studies focusing on the ecological 
effect of erosion control structures such as windbreaks (Yan et al., 2011) concluded that surface 
roughness increased with vegetation coverage increasing (in the form of a power function), while 
wind erosion rate increased with decreasing vegetation coverage (in the form of an exponential 
function). Mendez and Buschiazzo (2015) demonstrated that wind erosion could be effectively 
controlled even by a very limited vegetation coverage. The porosity of vegetation was found to be 
a major factor determining the sediment capturing capacity, and the threshold porosity value for 
maximum dust capturing efficiency was about 20% (Raupach et al., 2001; Zhao et al., 2017). 

Although studies on the relationship between vegetation and soil erosion had been done, most 
of these studies are based on wind tunnel simulations which often focused on coastal and inland 
hyper arid desert areas but rarely on desert steppes in semi-arid regions (Zhang et al., 2017). To 
address this knowledge gap, we explored the effects of different levels of vegetation coverage, 
soil moisture and wind speed on wind erosion of different slope positions in an enclosed desert 
steppe of Xilamuren grassland, Inner Mongolia of China. Further, we developed a multi-factor 
mathematical model of wind erosion and analyzed the main affecting factors and their interactions. 
Collectively, our goals were (1) to discern the natural pattern of wind erosion, providing a 
theoretical support for soil erosion prevention and ecological recovery in the region to prevent 
surface wind erosion hazards, and (2) to design and evaluate the effectiveness of wind erosion 
control practices in the desert steppe in Inner Mongolia of China, as well as in the other similar 
desert steppe regions in the world. 


2 Materials and methods 


2.1 Study area 


This study was conducted in the Xilamuren grassland of the southeastern Darhan Muminggan 
Joint Banner, Inner Mongolia, China. The study area is located in the transition zone of the 
Yinshan Mountains and the Inner Mongolian Plateau (41°12’-41°31'N, 111°00'-111°20’E; 1600 
m a.s.l.). Due to desertification in recent years, the area poses a significant ecological security 
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threat to northern China. The study area is characterized by a semi-arid climate. The average 
annual precipitation is 282.4 mm, with most of the annual precipitation occurring from July to 
September, and the annual average temperature is 2.5°C. Wind direction of the study area is 
primarily northwesterly, with an annual average wind speed of 4.5 m/s at 10-m height (Fig. 1). 
The windy season in this region extends from March to May. During this period, precipitation is 
scarce and vegetation is yet dormant. The low ground surface coverage coupled with the 
intensification of human activities has resulted in harsh habitats, serious wind erosion and coarse 
surface graining in the study area, which has become the origin of sandstorms for Beijing and 
Tianjin cities (Ding et al., 2016). 
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Fig.1 Wind rose diagram of the study area 


2.2 Experimental design 

2.2.1 In situ monitoring experiment 

The monitoring experiment was conducted during March—July in 2015 and 2016, at the Soil and 
Water Conservation Ecological Monitoring Test Station, Institute of Water Resources for Pastoral 
Areas, Ministry of Water Resources. Considering the different vegetation coverages and 
micro-topographic effects in the study area, we selected three fixed tested plots (15 m wide and 40 
m long for each) at different positions of a natural east-west slope (60 m wide and 132 m long) 
inside an enclosed desert steppe and a control plot (15 m wide and 40 m long) in an adjacent 
unrestored area outside the fence, for a long-term aeolian process monitoring (Figs. 2a and b). 


Fig. 2 Test area with control plot (a), sampling plot (b) and field mobile wind tunnel (c) 


The three tested plots (41°18'15”—41°18'17"N, 111°10'15”—111°10'19”"E) were located at the 
base, the middle and the top of the natural slope, with the dominant species of Koeleria glauca, 
Leymus chinensis and Stipa krylovii, respectively (Table 1). Five aeolian erosion marking pins 
were fixed at each plots with the pins initially 20 cm above the ground surface. During the field 
testing period (March—July in 2015 and 2016), the height of marking pin above the ground 
surface was measured using a measuring tape on the 10" day in each month. Wind erosion depth 
was assessed by determining the difference in pin height above the ground surface between two 
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observation dates as expressed by the following equation (Gao, 2013): 
E=h, —h,, (1) 


where F is the wind erosion depth (cm); hı is the initial height of marking pin above the ground 
surface (cm); and hz is the final height of marking pin above the ground surface (cm). 


Table 1 Basic information of the tested plots 


Plot Dominant species Vegetation coverage (%) Soil type Soil average thickness (cm) 
Base of the slope Koeleria glauca >60 Sandy loam 30-35 
Middle of the slope Leymus Chinensis 30—60 Sandy loam 28-30 
Top of the slope Stipa krylovii 15-30 Sandy loam 22-25 
Control Artemisia Frigida <10 Sandy loam 18-22 


2.2.2 In situ wind erosion experiments 


The field wind erosion experiments were employed using a mobile wind tunnel developed by the 
Inner Mongolia Agricultural University (Fig. 2c). This mobile wind tunnel can simulate different 
types of wind flows. Compared with the indoor wind tunnel, it can simulate the ground surface in 
a way more consistent with natural field conditions. The wind tunnel is comprised of a transition 
section (including a perforated panel, honeycomb, damping mesh and a non-uniform grid), a 
contraction section and a test section. The test section is bottomless with a rectangular 
cross-section (7.2 m long, 1.0 m wide and 1.2 m high). The wind speed was continuously 
adjustable in the range of 2—20 m/s. The aeolian mass was collected using a cyclone separator 
sand sampler (Chen et al., 2010), which consisted of a cyclone separator, an airflow tube, a 
protection shield, a collection box and a support base (Fig. 3). The cyclone separator sand sampler 
was 0.84 m high. Along its height, ten airflow tubes (10 mm wide and 30 mm high each) were 
placed so that the aeolian mass could be collected at ten incremental heights (i.e., 2, 6, 12, 18, 24, 
30, 40, 50, 60 and 70 cm). 


Airflow tube 


Support base 


Fig.3 Layout of the cyclone separator sand sampler 


The cyclone separator sand sampler was placed on the axis of the wind tunnel, 1.2 m up wind 
of the tunnel outlet to collect the horizontal aeolian mass generated by wind speeds at 6, 9, 12, 15 
and 18 m/s. The collected aeolian mass samples were weighed on an electronic balance (Model 
JF1004, Switzerland) to a precision of one-ten thousandth. Following a previous study (Sun et al., 
2010), we set the time for acquiring reliable wind speed data and collecting the aeolian mass to 10 
min. The wind speed data were averaged for 10-min intervals. In this study, the free wind speed at 
the height of 30 cm was measured using a pitot-tube speed measurement device (Sun et al., 2010). 
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Except for the experiments mentioned above, we also conducted two single factor experiments 
(vegetation coverage and soil moisture) and one multi-factor interaction test experiment. 

(1) Single-factor experiment of vegetation coverage. Wind erosion in this region is dominant in 
spring (from March to May). In early May 2015 and late April 2016, the vegetation was thinned 
incrementally along the slope from high to low coverage (65%, 58%, 45%, 28% and 15%). The 
wind tunnel tested plots (12 m wide and 20 m long) corresponding to the 5 levels of vegetation 
coverage were set, with 5 replications for each level (i.e., a total 25 plots). Soil surface (O—5 cm) 
moisture content of all plots ranged from 5.8% to 6.2%. A wind tunnel (1 m wide and 8 m long) 
was set up to assess the effect of vegetation coverage on wind erosion in each plot. To examine 
the effect of vegetation coverage on wind erosion, we adjusted the wind speed of the wind tunnel 
to 9 m/s and allowed the wind to blow upon the grassland area with vegetation coverages of 15%, 
28%, 45%, 58% and 65% to monitor the wind erosion patterns at varying heights above the 
ground surface (i.e., 2, 6, 12, 18, 24, 30, 40, 50, 60 and 70 cm). It should be noted that 
temperature and relative humidity of the field environment varied from 15.3°C to 18.3°C and 
32.0% to 49.8%, respectively, over the experimental periods. 

(2) Single-factor experiment of surface soil moisture. The effect of soil moisture on aeolian 
process was investigated for sandy loam in the desert steppe on 20 April 2016. In order to 
minimize the interference of other factors, we chosen 40 uniform sandy loam plots (1.5 m wide 
and 10 m long for each) with vegetation coverage less than 15%. Soil organic matter content was 
2.4%. The surface soil was moistened to achieve a target soil moisture of 3.5%, 4.8%, 5.3%, 6.5%, 
7.2%, 84%, 9.0% and 9.5%. Our intent was to systematically increase water content until 
emissions of soil particles could not be detected by sensors at the maximum attainable wind speed 
inside our wind tunnel. An atomizer was used to apply water to the soil. The atomizer produced 
water drops with a mean diameter of 0.08 mm (standard error of 0.006 mm). The moistened soil 
was covered with plastic to minimize evaporation before assessing the aeolian process. 

(3) Multi-factor interaction test experiment. Based on the abovementioned experiments, we 
explored the main effects of the three major factors (vegetation coverage, wind speed and soil 
moisture) and their potential interactions on wind erosion using an orthogonal array design (3 
factorsx3 levels). The three factors were vegetation coverage with three levels of 30%, 45% and 
60%, wind speed with three levels of 9, 12 and 15 m/s, and soil moisture with three levels of 3%, 
6% and 9% (Table 2). It should be noted that we set the three levels of wind speed based on the 
facts that the wind speed in spring was in the range of 5—18 m/s and the threshold wind speed of 
sand was 6 m/s. The size of each tested plot was 1 m wide and 8 m long, with a total of 9 plots. 
The field experiment was conducted on 21 April 2016. 


Table 2 Multi-factorial design of vegetation coverage, wind speed and soil moisture 


Treatment Vegetation coverage (%) Wind speed (m/s) Soil moisture (%) 
1 30 9 9 
2 45 9 6 
3 60 9 3 
4 30 12 3 
5 45 12 9 
6 60 12 6 
T 30 15 6 
8 45 15 3 
9 60 15 9 


2.3 Data analysis 


The data were processed using SigmaPlot 12.0 and SPSS 19.0. Single-factor analysis of variance 
and multi-factor interactive analysis were performed to examine the effects of different levels of 
the three factors (vegetation coverage, wind speed and soil moisture) and their interactions on 
wind erosion in the desert steppe. 
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3 Results 


3.1 Erosion and deposition characteristics of the ground surface 


The erosion and deposition characteristics of the ground surface in the desert steppe are shown in 
Figure 4. From March to April, only the base of the slope exhibited deposited sediments (positive 
value of wind erosion depth), with the thickness of 0.05 cm. Wind erosion was more extensive in 
the control plot outside the fence than in the other three plots inside the enclosed desert steppe. 
Wind erosion in the study area was most severe from April to May because of frequent strong 
windy days and high wind speeds. The number of strong windy days decreased from May to July, 
so the wind erosion intensity decreased and sediments were deposited at the base and the middle 
of the slope. As shown in Figure 4, all the tested plots showed wind erosion with various levels. 
Overall, the order of wind erosion depth for different tested plots was as follows: control>the top 
of the slope>the middle of the slope>the base of the slope. 
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Fig. 4 Erosion and deposition characteristics of the ground surface in the different tested plots from March to 
July. The negative value of the wind erosion depth represents wind erosion, while the positive value of the wind 
erosion depth represents sediment deposition. Different lowercase letters indicate significant difference among the 
tested plots at P<0.01 level. Errors bars mean standard errors. 


Wind erosion in the study area occurs mainly in spring. The field experiment was performed 
from March to July, in which the amounts of soil eroded by wind at heights of 0-5, 5—10, 10-15 
and 15-20 cm above the ground surface in each tested plot were monitored. The results are shown 
in Figure 5. The amount of aeolian mass at the height of 0-5 cm was highest outside the fence 
(control, 13.92 g), followed by the top of the slope (1.30 g). The amount of aeolian mass was least 
at the base of the slope (0.65 g), which only accounted for 4.67% of the amount of aeolian mass 
outside the fence. Variations in the amount of aeolian mass at the other three heights (5—10, 10-15 
and 15-20 cm) were consistent with that at the height of 0-5 cm. However, wind erosion varied 
under different surface conditions. Multiple tests of mean values showed that the amount of 
aeolian mass in the control plot significantly differed from those in the other three tested plots 
(P<0.01), indicating that certain grassland restoration measures, such as fences, could effectively 
reduce the intensity of wind erosion and increase the resistance to wind erosion. 


3.2 Effect of vegetation coverage on wind erosion 


The vertical distribution of the sand particles carried by wind in the transport layer is called the 
wind-sand flow structure. This structure has been investigated extensively in indoor settings 
(Zhang et al., 2017). The structural features of aeolian flow under different levels of vegetation 
coverage in our study area are shown in Figure 6. When the vegetation coverage was 15%, with 
increasing height above the ground surface, the wind erosion firstly decreased, then maintained a 
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Fig. 5 Amount of aeolian mass at different heights above the ground surface in the different tested plots. 
Different lowercase letters indicate significant difference among the heights at P<0.01 level. Errors bars mean 
standard errors. 


stable level, and finally decreased again. The mass flux in aeolian sand transport declined sharply 
at the height of 0-10 cm. Wind erosion was mainly concentrated at the lower heights above the 
ground surface (0-30 cm) under the 15% vegetation coverage. The mass flux in aeolian sand 
transport decreased with increasing vegetation coverage, and the wind-sand structure changed 
only at the apparent scale. The overall trend of slowly decreasing wind erosion with increasing 
height above the ground surface remained under the other four levels of vegetation coverage 
(28%, 45%, 58% and 65%). The increasing vegetation coverage could rapidly reduce the intensity 
of wind erosion. For example, the mass flux in aeolian sand transport was only 0.1 g/(cm?-10 min) 
when the vegetation coverage was 65%. The higher the wind speed, the more remarkable the 
protection of the ground surface by vegetation. Correlation analysis indicated a significant 
power-function relationship between the mass flux in aeolian sand transport at different heights 
and the vegetation coverage (Table 3). This relationship was most significant at the height of 2 cm. 
When the sand collection box at the height of 30 cm above the ground surface began to deposit 
sand, then the wind speed was set as the threshold wind speed of sand at this moment. With 
increasing vegetation coverage, the threshold wind speed of sand gradually increased (Fig. 7). 


3.3 Effect of soil moisture on wind erosion 


Figure 8 shows the variation pattern of the mass flux in aeolian sand transport under different soil 
moisture levels. Soil moisture is an important factor affecting soil wind erosion, particularly near 
the surface of the aeolian flow structure. The mass flux in aeolian sand transport gradually 
decreased with increasing height above the ground surface. At the wind speed of 9 m/s, when the 
soil was dry with a moisture content of 3.5%, the mass flux in aeolian sand transport was largest 
at the height of 2 cm, followed by the height of 6 cm. However, at the height of >60 cm, the effect 
of soil moisture on the mass flux in aeolian sand transport was very weak. The relationship 
between the mass flux in aeolian sand transport at different heights and the soil moisture exhibited 
a significant power function correlation (see Table 4). This correlation was highly significant at 
the height of 2 cm. The change in the coefficients of the fitting equations was consistent with the 
change in the mass flux, which decreased with increasing height. 


3.4 Effect of wind speed on wind erosion 


Wind is a direct force driving soil erosion, and wind speed directly affects the intensity of wind 
erosion. Variations of the mass flux in aeolian sand transport at different heights above the ground 
surface under different levels of wind speed are shown in Figure 9. The mass flux in aeolian sand 
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Fig. 6 Mass flux in aeolian sand transport at different heights above the ground surface under different levels of 
vegetation coverage at the wind speed of 9 m/s 


Table 3 Relationship between the mass flux in aeolian sand transport (y) and the vegetation coverage (x) at the 
wind speed of 9 m/s 
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Height above the ground surface (cm) Regression equation P R 
2 y=2.656 1x17? 0.004 0.958 
6 y=0.9062x 2-278 0.015 0.882 

12 y=0.4868x 0-883 0.022 0.854 
18 y=0.3018x 0765 0.007 0.928 
24 y=0.4683x 0? 0.021 0.842 
30 y=0.9539x 15° 0.022 0.850 
40 y=1.8559x 141° 0.041 0.763 
50 y=1.2652x "s 0.039 0.772 
60 y=1.1894x 1314 0.038 0.878 
70 y=1.7404x 1485 0.019 0.833 
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Fig. 7 Variation trend of threshold wind speed of sand with increasing vegetation coverage at the height of 30 
cm above the ground surface 
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Fig. 8 Mass flux in aeolian sand transport at different heights above the ground surface under different levels of 
soil moisture 


Table 4 Relationship between the mass flux in aeolian sand transport (y) and the soil moisture (x) 


Height above the ground surface (cm) Regression equation P R 
2 y=0.3976x 1173 0.009 0.915 
6 y=0.38 12x17 0.025 0.871 

12 y=0.2834x° 1-90 0.027 0.849 
18 y=0.1889x 28 0.029 0.841 
24 y=0.4605x 1” 0.032 0.802 
30 y=0.2179x7! 10 0.042 0.731 
40 y=0.0735x 7? 0.044 0.721 
50 y=0.073 Lx 088! 0.045 0.716 
60 y=0.0498x° 0813 0.047 0.706 
70 y=0.0276x °°“? 0.047 0.707 


transport increased with increasing wind speed. The lower the height, the larger the difference in 
mass flux among wind speeds. Wind erosion mainly occurred near the surface under each wind 
speed, increasing rapidly with increasing wind speed. Only limited wind erosion was observed at 
a high height above the ground surface, which was less affected by the wind speed. The 
correlation between the mass flux in aeolian sand transport at different heights and the wind speed 
exhibited a significant power function (Table 5), which was highly significant at the heights of 
2—40 cm. To a certain extent, it is proved that the sand transport rate increased with increasing 
wind speed. However, there was no obvious difference among different wind speeds for a certain 
height. Based on the abovementioned results, we concluded that the wind erosion was a 
comprehensive effect caused by wind speed, vegetation coverage and soil moisture. 


3.5 Construction of multi-factor wind erosion model 


Wind erosion is a complex process with complicated mechanisms and factors, so it is difficult to 
construct a precise mathematical model for assessing this process. Modeling is generally 
performed using the test analysis method, in which a large amount of test data can be analyzed. In 
this study, three factors (vegetation coverage, wind speed and soil moisture) were used to construct 
a multi-factor wind erosion model. Specifically, we analyzed the field wind tunnel test data using 
the SAS 9.0 statistical analysis software to establish a multi-factor wind erosion model (Eq. 2): 
y=1.54644346.95437x7+240.69259x5°-0.002399x37—2.198889x ;x2+0.08161 1x1x3—0. 133226x2x3— 
5.237444x;—29.024833x,+0.064926x3, (2) 


where y is the mass flux in aeolian sand transport (g/(m?-10 min)); x, is the soil moisture (%); x, is 
the vegetation coverage (%); and x3 is the wind speed (m/s). 
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Fig. 9 Mass flux in aeolian sand transport at different heights above the ground surface under different levels of 
wind speed 


Table 5 Relationship between the mass flux in aeolian sand transport (y) and the wind speed (x) 


Height above the ground surface (cm) Regression equation P R? 
2 y=0.0088x'8? 0.002 0.976 
6 y=0.0124x'415 0.002 0.976 

12 y=0.0163x!°7 0.002 0.979 
18 y=0.0160x!°8 0.002 0.981 
24 y=0.0245x°67 0.001 0.990 
30 y=0.0157x°8% 0.005 0.931 
40 y=0.0147x°7? 0.004 0.946 
50 y=0.0147x°4 0.014 0.855 
60 y=0.0132x°°77 0.019 0.803 
70 y=0.0111x°°"” 0.015 0.840 


From this model, we obtained the standardized regression coefficients of the main effects of the 
three factors on wind erosion via sand-free wind (Fig. 10). The coefficients were arranged in the 
following descending order: wind speed, vegetation coverage and soil moisture. The standardized 
regression coefficient of the main effect of wind speed was positive, while those of vegetation 
coverage and soil moisture were negative, indicating that the higher the wind speed, the more 
severe the wind erosion. In contrast, the increased vegetation coverage and soil moisture could 
reduce wind erosion. Figure 10 also shows that the factors influencing wind erosion had different 
degrees of interaction in the aeolian sand transport. Analysis on the standardized regression 
coefficients of the main effects of the interactions showed that the coefficient of the interaction 
between wind speed and vegetation coverage was the highest in terms of absolute value, followed 
by the interaction between wind speed and soil moisture. The coefficient of the interaction 
between soil moisture and vegetation coverage was the lowest. 


4 Discussion 


China has extensive arid and semi-arid areas which are highly susceptible to wind erosion. Wind 
erosion could result in poor soil fertility and sharp declines in land productivity, which in turn 
would affect regional socio-economic development (Wang et al., 2004; Duan et al., 2014). To 
provide technical support for the effective prevention of soil loss by wind erosion and sand storm 
disasters, we conducted an in situ analysis of wind erosion characteristics using a mobile wind 
tunnel in a desert steppe of Xilamuren grassland in Inner Mongolia of China. Our results 
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Fig. 10 Standardized regression coefficients of the main effects of wind speed, vegetation coverage, soil 
moisture and their interactions on aeolian sand transport via sand-free wind. xı, soil moisture; x, vegetation 
coverage; x3, wind speed. 


indicated a significant spatial heterogeneity in the intensity of wind erosion. Specifically, the 
tested control plot outside the fence showed the greatest amount of erosion, followed by the top of 
the slope inside an enclosed desert steppe, while the base of the slope exhibited the lowest 
intensity of wind erosion. Wind erosion gradually decreased from the top of the slope to the base 
of the slope. This indicated that the fencing enclosure is conducive to restoration recovery. While 
in the area without fencing enclosure, soil surface is prone to erosion by wind due to poor 
conditions of vegetation and soil resulted from long-term grazing, tourism and other external 
interference (Ding et al., 2016). The vegetation conditions in the base of the slope were better 
with greater surface roughness, leading to much more deposition rather than erosion. In contrast, 
the middle and top of the slope exhibited a high intensity of wind erosion because of high airflow 
rate and low vegetation coverage. 

With respect to the role of wind speed, the ascending order of mass flux in aeolian sand 
transport was as follows: 6, 9, 12, 15 and 18 m/s. The wind speed and wind erosion rate (or mass 
flux in aeolian sand transport) were positively correlated at different heights above the ground 
surface. That is, both wind erosion rate and mass flux in aeolian sand transport increased with 
increasing wind speed. Our findings are almost consistent with the results of Kang et al. (2012) 
and He et al. (2013), with little differences. This might be due to the differences in the 
measurement methods. In the arid and semi-arid regions, soil particles are susceptible to wind 
erosion, while vegetation coverage can directly prevent the surface from being eroded. Thus, 
vegetation is conducive to maintaining soil moisture, increasing surface roughness, blocking sand 
transport, reducing the turbulence of the wind, and increasing collisions between soil particles and 
between soil particles and plants, which can effectively lead to an increase in the deposition of 
soil particles (Bauer et al., 2004; Zobeck and van Pelt, 2006; Ashrafi et al., 2015). Our results 
showed that with increasing vegetation coverage, the amount of soil eroded by wind decreased 
sharply, and that the higher the wind speed was, the more efficient the protective effect of 
vegetation on the soil surface was. The relationship between vegetation coverage and wind 
erosion showed a significant power function correlation (Guo et al., 2014; John et al., 2016). For 
similar wind regime, the wind erosion rate decreased rapidly with increasing vegetation coverage 
above a threshold, which is also known as the effective coverage (Leys and Mctainsh, 1996). The 
wind erosion of soil could be effectively controlled when the vegetation coverage is >60% 
(Santiago et al., 2007; Yue et al., 2015). In this study, we also found that the threshold wind speed 
of soil increased with increasing vegetation coverage, indicating that vegetation coverage could 
change the threshold wind speed of soil, thereby reducing the mass flux in aeolian sand transport 
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derived from wind erosion on the surface. 

Soil moisture generates tension between soil particles, reinforcing the cohesive force between 
particles and lowering the erodibility of the soil by wind, ultimately enhancing the resistance of 
soil surface to wind erosion (Han et al., 2012; Nourzadeh et al., 2013; Bu et al., 2015; Bergametti 
et al., 2016). Furthermore, with increasing water content, the critical friction speed increased in 
increments proportional to the soil moisture. In this study, we found a negative correlation 
between soil moisture and wind speed, i.e., the higher the soil moisture, the lower the intensity of 
wind erosion. The threshold shear velocity increases proportionally with increasing soil moisture 
(Luo and Dong, 2005), while the wind erosion rate decreases with increasing soil moisture with a 
quadratic power function (Nourzadeh et al., 2013). Overall, the rate of sand transport decreases 
with increasing soil moisture. Yi et al. (2006) found that the amount of wind erosion decreased 
with increasing soil moisture content from 1.41% to 3.83%, showing a negative power function. 
Nourzadeh et al. (2013) conducted a wind tunnel simulation experiment and found that soil 
moisture had a remarkable inhibitive effect on the surface wind erosion and the threshold wind 
speed of soil increased with increasing surface moisture. A research conducted in the coast of 
North Wales showed that the critical humidity value affecting the transport of wet sands was in 
the range of 4%-6% (Wiggs et al., 2004). Similarly, He et al. (2010) found that in the 
farming-pastoral zone of Inner Mongolia, soil wind erosion of the farmland decreased 
significantly with increasing soil moisture and that the critical soil moisture was 5%. Soil 
moisture directly affects the resistance of soil to wind erosion. Soil exhibits strong cohesion when 
it is moist, and when the soil particle surface adheres to a water film, the electrostatic interactions 
and surface tension derived from the water film increase the adhesive force among soil particles, 
resulting in strong resistance to wind erosion (Zhao et al., 2012). 

In this study, we performed in situ experiments with an orthogonal design to construct the 
mathematical model of wind erosion, from which the standardized regression coefficients of the 
main effects of the influencing factors on wind erosion were obtained in the following order: wind 
speed>vegetation coverage>soil moisture. The standardized regression coefficient of the main 
effect of wind speed was positive, while those of soil moisture and vegetation coverage were 
negative, indicating that increases in vegetation coverage and soil moisture can reduce wind 
erosion and that the greater the wind speed is, the more severe the wind erosion is (López et al., 
2017). This finding also indicates that wind is a natural driving force of the formation and 
development of soil erosion, and wind speed initiates wind erosion. The transport capability of 
wind for particles determines the erosion and transport capability of the aeolian flow. Wind blows 
on the surface, and when the wind speed reaches a threshold value, soil particles are displaced and 
blocked by any plants. Some soil particles fall and are entrapped in the sediment, attenuating the 
direct impact of wind on the surface, thereby inhibiting soil wind erosion (Raupach et al., 2001; 
Bauer et al., 2004; Hesse and Simpson, 2006; Zobeck and van Pelt, 2006). Within a certain soil 
moisture range, the higher the moisture content, the stronger the tension and cohesion between the 
particles (Pye and Tsoar, 1990; Wang et al., 2009; Han et al., 2012; Nourzadeh et al., 2013); and 
the denser the plant growth, the higher the vegetation coverage and the greater the protective 
effect of the vegetation against aeolian flow. Thus, vegetation can effectively reduce wind speed 
and protect soil particles. 


5 Conclusions 


In this study, the effects of vegetation coverage, soil moisture and wind speed on wind erosion in 
a desert steppe in the Xilamuren grassland of Inner Mongolia were monitored, and the 
multi-factor wind erosion model was constructed. The intensity of wind erosion showed a large 
spatial difference. It was decreased from the top to the base of the slope inside an enclosed desert 
steppe, which was consistent with the spatial distribution of vegetation coverage. Wind erosion 
decreased rapidly with increasing vegetation coverage, showing a power function. When the 
surface vegetation coverage was recovered to at least 60%, it was possible to effectively control 
the wind erosion. Surface soil moisture was negatively correlated with the threshold wind speed 
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of soil. The higher the soil moisture, the weaker the surface wind erosion. In terms of wind speed, 
the mass flux in aeolian sand transport assumed the following ascending order: 6, 9, 12, 15 and 18 
m/s. The standardized regression coefficients of the main effects of these three factors on wind 
erosion were in the following descending order: wind speed, vegetation coverage and soil 
moisture. The wind erosion factors all exhibited interaction effects on aeolian sand transport to 
different degrees. 
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